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Aim: Studies	 of	 climate	 change	 impacts	 on	 animal	 distributions	 typically	 consider	
only	the	direct	impacts	of	a	changing	climate,	under	the	assumption	that	future	areas	
of	suitable	climate	will	otherwise	remain	ecologically	suitable.	Here	we	assess	both	
the	direct	 and	 indirect	 impacts	of	 climate	 change	on	 rain	 forest	 ant	 communities,	
where	substantial	shifts	are	projected	to	occur	for	both	climate	and	habitat	types.
Location: Australian	Wet	Tropics	(AWT).
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1  | INTRODUC TION
Anthropogenic	 climate	 change	 and	 associated	 extreme	 weather	
events	 are	 predicted	 to	 significantly	 alter	 species	 distributions	 and	
subsequently	 the	 composition	 of	 biological	 communities	 (Arribas,	
Abellán,	 Velasco,	 Millán,	 &	 Sánchez‐Fernández,	 2017;	 Huey	 et	 al.,	
2012;	Jenkins	et	al.,	2011;	Thomas,	2010).	Rising	temperatures	might	











The	potential	 decoupling	of	 species	 associations	due	 to	differ‐
ential	climate	change	sensitivity	can	have	particularly	dramatic	 im‐
plications	 if	 vegetation	 and	 its	 associated	 fauna	 are	 differentially	
sensitive	 (Caddy‐Retalic	 et	 al.,	 2018;	 Carvalho,	 Brito,	 Crespo,	 &	
Possingham,	2010;	Garcia,	Cabeza,	Rahbek,	&	Araújo,	2014).	Studies	
of	climate	change	impacts	on	animal	distributions	typically	consider	
only	 the	 direct	 impacts	 of	 a	 changing	 climate,	 under	 the	 assump‐
tion	that	future	areas	of	suitable	climate	will	otherwise	remain	eco‐
logically	 suitable.	However,	 this	would	 not	 be	 the	 case	 if	 changes	












forest	 support	 highly	 disjunct	 faunas	 (Murphy,	 Andersen,	 &	 Parr,	
2016),	 such	 that	 transition	 from	one	vegetation	 type	 to	 the	other	
results	in	profound	faunal	change.	For	example,	in	northern	Australia	
the	ant	faunas	of	co‐occurring	rain	forest	and	savanna	are	remark‐






critical	 role	of	 the	 future	distribution	of	habitats	upon	which	 spe‐
cies	depend	has	been	largely	overlooked	in	studies	regarding	climate	
change	impacts	on	biodiversity.










2009)	 can	 vary	 in	 accuracy.	 For	 example,	 a	 developed	 modelling	





An	 alternative	 approach	 to	 predicting	 responses	 of	 biolog‐
ical	 communities	 to	 climate	 change	 is	 Generalized	 Dissimilarity	





cies	 assemblages,	 GDM	 can	 account	 for	 biotic	 interactions	which	
are	not	 typically	 included	 in	SDMs.	GDM	extrapolates	patterns	of	
compositional	turnover	beyond	sampled	communities	and	is	partic‐
ularly	well	suited	to	communities	with	high	levels	of	beta	diversity.	




Vellend,	 2015).	GDM	can	 also	 rapidly	 analyse	 datasets	 containing	
very	large	numbers	of	species,	regardless	of	the	number	of	records	
per	 species.	 Furthermore,	 by	 studying	 the	 emergent	 rates	 of	 spa‐
tial	 turnover	along	environmental	gradients	under	current	climatic	
conditions,	GDM	can	be	used	to	predict	the	temporal	rate	and	spa‐
tial	 distribution	of	 turnover	under	 future	 climates	 (Blois,	Williams,	
Fitzpatrick,	Jackson,	&	Ferrier,	2013).	Compared	with	SDMs,	GDM	
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Generalized	 Dissimilarity	 Model	 commonly	 accommodates	
variation	 in	 rates	 of	 species	 turnover	 along	 environmental	 gradi‐














due	 to	 their	 ecological	 dominance	 and	 sensitivity	 to	 environmen‐
tal	 change	 (Andersen,	 Fisher,	 Hoffmann,	 Read,	 &	 Richards,	 2004;	
Andersen	&	Majer,	2004;	Underwood	&	Fisher,	2006).	Patterns	of	
diversity	 and	 composition	 in	 ant	 communities	 are	 strongly	 related	























2.1 | Study sites and compositional data











ness	 (Zachos	 &	 Habel,	 2011).	 However,	 this	 biodiversity	 is	 highly	
threatened	 by	 anthropogenic	 climate	 change	 (Hilbert,	 Ostendorf,	






(Williams	et	al.,	2003)	and	 in	population	size	of	74%	of	 rain	 forest	
birds	(Shoo,	Williams,	&	Hero,	2005b).	The	insects	of	the	AWT	are	
also	highly	threatened	by	climate	change,	with	predictions	of	the	ex‐










&	Linsenmair,	1998),	with	high	sampling	 intensity	 to	provide	 reliable	
estimates	of	species	composition	(Ashcroft	et	al.,	2010).	Rarefaction	








in	 the	 availability	 and	 accessibility	 of	 rain	 forest	 habitats.	 Sampling	
transects	were	separated	by	200	m	elevation	from	the	 lowland	rain	









2.2 | Environmental variables, habitat condition and 
climate projections
We	generated	a	comprehensive	set	of	environmental	variables	includ‐
ing	 bioclimatic	 variables	 (BC01–BC35),	 soil	 and	 topographic	 layers,	
along	with	information	on	litter	depth,	canopy	cover	and	disturbance.	
Bioclimatic	data	were	used	to	represent	the	baseline	climate,	defined	
as	 a	30‐year	 average	 from	1976	 to	2005.	These	data	were	derived	
using	 the	ANUCLIM	6.0	software	 (Xu	&	Hutchinson,	2013)	at	a	9‐s	













Vegetation	 Information	 System	 broad	 vegetation	 subgroups	
(Australian	 Government	 Department	 of	 the	 Environmental	Water	
Resources,	 2007).	Analyses	 of	 future	 changes	 in	 rain	 forest	 vege‐
tation	 were	 based	 on	 a	 method	 of	 habitat	 condition	 assessment	
that	 integrates	 remotely	 sensed	 rain	 forest	 vegetation	 layers	 and	
available	 field‐based	 reference	 data	 to	 assign	 each	 250	 ×	 250	 m	
cell	a	habitat	condition	value	 (h)	 ranging	 from	0	 (totally	unsuitable	









averages	 of	 bioclimatic	 layers	 within	 three	 different	 times,	 2035,	
2055	 and	 2085.	 These	 layers	were	 applied	 as	 splined	 deltas	 over	
the	 9‐s	 resolution	 environmental	 layers.	 We	 used	 the	 Australian	
Climate	 Futures	 Tool	 (http://www.clima	techa	ngein	austr	alia.gov.
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au/en/clima	te‐proje	ction	s/clima	te‐futur	es‐tool/),	 which	 has	 been	
built	on	Climate	Futures	Framework	(Clarke,	Whetton,	&	Hennessy,	
2011;	Whetton,	Hennessy,	 Clarke,	McInnes,	 &	Kent,	 2012)	 to	 se‐
lect	the	climatic	models.	This	tool	 includes	projections	from	global	
and	 regional	 climate	 models	 based	 on	 simulations	 performed	
for	 the	 Intergovernmental	 Panel	 on	 Climate	 Change	 (IPCC)	 Fifth	
Assessment	 Report	 (Pachauri	 et	 al.,	 2014).	We	 selected	 2	 out	 of	
15	global	 climate	models	 that	best	 reproduced	Australian	average	
(1961–1990)	 patterns	 of	 temperature	 and	 rainfall	 (Suppiah	 et	 al.,	
2007):	 (a)	 “mild”	 (Model	 for	 Interdisciplinary	 Research	 on	 Climate	







F I G U R E  3  Profile	of	condition	values	for	AWT	rain	forest	habitat	under	the	current	climate	(a)	and	a	2085	projection,	MIROC	(b)
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(MIROC)	‐H;	~125	km	resolution)	and	(b)	“harsh”	(Geophysical	Fluid	












to	 exclude	 highly	 correlated	 variables	 in	 the	 dataset	 (Table	 A1).	 
We	 then	 assessed	which	 environmental	 variables	 best	 explained	
dissimilarity	 of	 ant	 communities	 across	 the	 sample	 sites	 using	
the	 variable	 selection	 strategy	 detailed	 in	Williams	 et	 al.	 (2010)	
and	GDM	 (Ferrier	 et	 al.,	 2007).	 This	 strategy	 ranks	 the	 variables	
based	on	their	 “explained	deviance”	 in	 the	model	and	selects	 the	
best	predictors	 (which	 reduced	 the	number	of	 variables	 to	9	out	








dictor	 variables	 (29	 =	 512	models	 in	 this	 study	 case),	 based	 on	 a	
modified	Akaike	 Information	Criterion	 (AICc).	We	 then	evaluated	
the	 standardized	 effect	 size	 of	 each	 predictor	 variable	 by	 calcu‐
lating	 the	 differences	 between	 observed	 summed	Akaike	weight	
and	mean	summed	Akaike	weight	derived	from	999	null	datasets,	
divided	 by	 the	 standard	 deviation	 of	 summed	 Akaike	weights	 of	
null	datasets.	The	calculations	were	all	executed	using	the	mglmn 
R	 package	 developed	 by	Katabuchi	 and	Nakamura	 (2015).	When	
using	 the	 information‐theoretic	 approach,	we	did	not	directly	 in‐






2.3.2 | Compositional change under future climates
The	selected	environmental	 factors	were	used	as	covariates	 in	a	
GDM	 fitted	 using	 a	matrix	 of	 pairwise	 dissimilarities	 in	 ant	 spe‐
cies	composition	among	 the	150	 locations	sampled.	Dissimilarity	
was	 calculated	 using	 the	 Sørensen	 index	 (Roberts	 et	 al.,	 2017).	
The	GDM	assumes	that	the	amount	of	change	in	species	composi‐
tion	expected	 for	 any	 location	as	 a	 result	of	 climatic	 change	will	
be	equivalent	to	the	compositional	dissimilarity	currently	observed	
between	that	location	and	another	location	with	a	current	climate	




conducted	using	 the	ecodist and GDM	 R	packages	 (Manion,	 Lisk,	
Ferrier,	 Nieto‐Lugilde,	 &	 Fitzpatrick,	 2015;	 R	Development	 Core	
Team,	2010).
To	 address	 how	 climate	 change	would	 affect	 the	 rain	 forest	
ant	communities	at	different	locations,	GDM	was	used	to	calculate	
the	effective	area	of	similar	ecological	environments	 (SEEs),	 first	
considering	 just	 the	 direct	 impacts	 of	 climate	 change,	 and	 then	
also	incorporating	future	changes	in	vegetation.	SEE	is	a	measure	
of	the	total	area	with	an	environment	similar	to	that	of	a	particular	
location,	 scaled	according	 to	 the	 rate	of	biological	 turnover,	 and	
therefore	suitable	for	the	local	community.	The	GDM	thus	trans‐
forms	maps	 of	 environmental	 predictors	 into	 units	 of	 ecological	
distance	 (ΔE),	which	 are	 logarithmically	 related	 to	 compositional	
similarity	(sij=e
−ΔEij )	 (Allnutt	et	al.,	2008;	Ferrier	et	al.,	2012).	We	
then	 used	 the	 stack	 of	 transformed	 grids	 to	 examine	 the	 pre‐
dicted	 compositional	 similarity	 (sij)	 between	 current	 grid	 cells	 (i)	
and	points	 in	 future	 scenarios	 ( j)	 separated	over	 space	and	 time	
(Allnutt	et	al.,	2008).






































Similarly,	 we	 calculated	 the	 proportion	 of	 species	 retained	 in	 the	
entire	 rain	 forest	 of	 the	 region	 as	 Pi =	 [A







3.1 | Environmental predictors of compositional 
dissimilarity
Nine	 out	 of	 17	 candidate	 explanatory	 variables	 (Table	 A2)	were	
selected	 as	 best	 explaining	 the	 turnover	 in	 species	 composition	
of	 ant	 communities	 using	 both	 GDM	 and	 information‐theoretic	
approaches.	 The	 GDM	 accounted	 for	 25.8%	 of	 the	 deviance	 in	




explained	 by	 the	 gradient	 of	 soil	 bulk	 density	 (BD),	 followed	 by	
mean	temperature	of	coldest	quarter	(MTCQ),	mean	temperature	
of	warmest	 quarter	 (MTWQ),	 geographic	 distance	 and	 tempera‐
ture	seasonality	(TS)	(Table	1).	The	information‐theoretic	approach	
also	suggested	that	turnover	could	be	explained	by	isothermality,	
TS,	 MTWQ,	 MTCQ,	 precipitation	 of	 wettest	 period,	 BD,	 avail‐
able	water	 capacity	of	 soil	 ,	 litter	depth	and	habitat	disturbance	

































(a) Summed Akaike 
weight (observed)
(b) Mean summed Akaike 
weight (null models)
(c) SD of summed Akaike 
weight (null models)
Standardized 
effect size p value
Isothermality 0.44 0.33 0.02 4.8 0.000
TS 0.52 0.33 0.02 11.2 0.000
MTWQ 0.59 0.33 0.01 23.2 0.000
MTCQ 0.59 0.33 0.01 21.2 0.000
PWP 0.57 0.34 0.02 11.4 0.000
BD 0.50 0.33 0.02 9.4 0.000
AWC 0.51 0.33 0.02 8.2 0.000
Litter	depth 0.46 0.33 0.02 6.5 0.000
Habitat	disturbance 0.58 0.33 0.02 14.9 0.000
Abbreviations:	AWC,	available	water	capacity	of	soil;	BD,	bulk	density	of	soil;	MTCQ,	mean	temperature	of	coldest	quarter;	MTWQ,	mean	tempera‐
ture	of	warmest	quarter;	PWP,	precipitation	of	wettest	period;	TS,	temperature	seasonality.
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3.2 | Compositional change under future climates


















ing	a	 reduction	 in	 their	 similar	habitats	 (Figures	4	 and	5;	Table	3).	
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Over	90%	of	ant	communities	were	projected	to	lose	more	than	half	
their	current	SEE	from	(Figures	4f	and	5f;	Table	3).	However,	despite	






roecological	models.	 It	 is	 also	 the	 first	 study	 to	 integrate	 climate‐
induced	 changes	 in	 habitat	 suitability	 into	 future	 projections	 of	 a	











information‐theoretic	 models,	 and	 it	 significantly	 contributed	 to	
the	spatial	pattering	 in	the	GDM.	A	common	effect	of	habitat	dis‐
turbance	 is	 simplification	 of	 habitat	 structure	 (Gibb	&	 Parr,	 2013;	
Hoffmann	&	Andersen,	 2003),	 so	 disturbance	 can	 have	 especially	
strong	effects	in	complex	habitats	like	tropical	rain	forest	(Andersen,	
2018).	Climate	change	is	predicted	to	increase	the	frequency	of	ex‐




ering	 just	 the	 direct	 impacts	 of	 climate	 change.	 Regardless	 of	 dif‐





effects	 of	 climate	 change	 can	 significantly	 underestimate	 the	 ex‐
pected	changes	in	ant	communities.
Most	 ant	 communities	 currently	 occurring	 in	 the	 AWT's	
coastal	 zone	 are	 projected	 to	 continue	 to	 do	 so	 over	 the	 next	
few	decades.	Coastal	ant	communities	are	expected	to	be	buff‐
ered	 from	 the	 effects	 of	 climate	 change	 in	 the	 near	 future	 due	
to	the	close	proximity	of	their	habitat	to	the	ocean,	which	has	a	
moderating	 influence	on	 temperatures	 (Dowdy,	Abbs,	&	Bhend,	
2015).	However,	a	high	degree	of	turnover	in	ant	composition	is	
expected	 to	occur	by	2085	even	 in	coastal	 areas	due	 to	 the	ef‐
fects	of	rising	temperatures	and	altered	rainfall	patterns	on	rain	















plex	 notophyll	 vine	 forests	 throughout	 the	 Pleistocene	 (Hilbert	
et	 al.,	 2007)	 and	 represent	 key	 refugia	 for	 rain	 forest	 flora	 and	
fauna	(Reside	et	al.,	2013;	Welbergen	et	al.,	2015).	These	uplands	
support	many	 endemic	 ant	 species;	 for	 example,	 11	 ant	 species	
are	known	only	from	Carbine	uplands	(Nowrouzi	et	al.,	2016).	Our	
models	 reinforce	 the	 high	 sensitivity	 of	 these	 uplands	 to	 future	
climate	change	(Hilbert	et	al.,	2001;	Mokany	et	al.,	2014),	particu‐
larly	those	further	inland	such	as	Windsor	and	Carbine.	It	is	highly	
TA B L E  3  Proportion	of	modelled	changes	in	ant	communities’	SEE	throughout	the	AWT,	under	two	climate	projections,	MIROC	(mild)	
and	GFDL	(harsh),	for	the	three	years	(2035,	2055,	2085)
Projections of direct (climate) and indirect 
(habitat) effects of climate change MIROC 2035 MIROC 2055 MIROC 2085 GFDL 2035 GFDL 2055 GFDL 2085
Direct	effects
Proportion	of	area	with	increase	in	SEE	(%) >80% >60% >5% >30 10 >5
Proportion	of	area	with	decline	in	SEE	(%) 0 <10% >85 >35% >55% >85
Proportion	of	area	losing	≤½	of	SEE‐	areas	
with	C	values	>0.5	(%)
0 0 >50 0 0 60
Combined	direct	&	indirect	effects
Proportion	of	area	with	increase	in	SEE	(%) 0 0 0 0 0 0
Proportion	of	area	with	decline	in	SEE	(%) ~100 100 100 ~90 100 100
Proportion	of	area	losing	≤½	of	SEE‐	areas	
with	C	values	>0.5	(%)
0 >60 >90 0 ~50 >90
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unlikely	 that	such	 inland	refugia	will	be	maintained	under	 future	
climates.
Our	 modelling	 indicates	 that	 even	 with	 changing	 rain	 forest	
condition,	 sufficient	 suitable	 habitat	 will	 remain	 at	 the	 regional	
level	to	avoid	high	extinction	rates	even	under	an	extreme	climate	







interactions	 within	 metapopulations	 (Morrison,	 2002)	 and	 allee	
effects	 (Luque,	 Giraud,	 &	 Courchamp,	 2013).	 Additionally,	 our	
models	do	not	consider	the	potential	increased	incidence	of	hab‐
itat	 disturbance	 through	 cyclones,	 which	 will	 potentially	 have	 a	
major	impact	on	rain	forest	suitability,	including	through	increased	
risk	of	weed	invasion	(Turton,	2012).
In	 conclusion,	 our	 study	 has	 demonstrated	 that	 rain	 forest	
ants	in	the	AWT	are	likely	to	be	severely	impacted	under	climate	
change.	 The	 direct	 impact	 of	 a	 changing	 climate	 is	 likely	 to	 be	
substantial,	 as	 has	 been	 concluded	 for	well‐studied	 groups	 such	
as	 birds,	 reptiles,	 mammals,	 frogs,	 butterflies	 and	 dragonflies	
(Bush	et	al.,	2014;	Shoo	et	al.,	2005b;	Williams	&	Pearson,	1997;	
Williams,	Williams,	Alford,	Waycott,	&	Johnson,	2006).	However,	
the	changes	 in	ant	communities	can	be	expected	 to	be	 far	more	
profound	 when	 changes	 in	 habitat	 suitability	 are	 also	 consid‐
ered.	Our	study	shows	that	projections	of	reduction	in	ecological	
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they	 suggest	 that	 modelling	 of	 other	 taxonomic	 groups,	 based	
solely	on	direct	effects,	may	similarly	underestimate	the	impacts	
of	 climate	 change.	 The	 integration	 of	 habitat	 changes	 in	 future	
climate	 models	 is	 likely	 to	 substantially	 improve	 projections	 for	
fauna	more	generally.
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TA B L E  A 2  Pearson	correlation	coefficients	(bottom	left	triangle)	and	p	values	(top	right	triangle)	of	the	nine	predictor	variables	selected	
by	the	models
 TS MTWQ. MTCQ. PWP BDW AWC Isothermality Litter depth Disturbance
TS  0.002 0.577 0.656 0.256 0.116 0.000 0.009 0.045
MTWQ −0.26  0.000 0.476 0.859 0.000 0.001 0.000 0.000
MTCQ −0.05 0.78  0.780 0.002 0.587 0.000 0.001 0.000
PWP 0.04 0.06 0.02  0.845 0.016 0.023 0.000 0.000
BDW 0.09 0.01 −0.25 −0.02  0.099 0.010 0.107 0.370
AWC 0.13 −0.29 −0.05 −0.20 −0.14  0.644 0.000 0.110
Isothermality 0.55 0.04 −0.28 0.04 −0.05 −0.01  0.000 0.000
Litter	depth −0.22 −0.34 −0.28 −0.43 −0.13 0.34 0.74  0.000
Disturbance 0.17 0.31 0.52 0.54 −0.07 −0.13 −0.69 −0.58  
